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ABSTRACT 

Imagery of the Large Magellanic Cloud, In the wavelength ranges 1050- 
1600 A and 1250-1600 A, was obtained by the S201 Far Ultraviolet Camera 
during the Apollo 16 mission In April 1972. These Images have been 
reduced to absolute far-UV Intensity distributions over the area of the 

I i * 

LHC, with 3-5 arc min angular resolution. 

Comparison of our far-UV measurements in the IMC with Ha and 21-cm 
surveys reveals that interstellar hydrogen In the UIC is often concentrated 
In 100-pc clouds within the 500- pc clouds detected by McGee and Milton. 
Furthermore, at least 25 associations of 0-B stars in the LMC are outside 
the interstellar hydrogen clouds; four of them appear to be on the far side. 

Far-UV and mld-UV spectra were obtained of stars in 1? of tnese 
associations, using the International Ultraviolet Explorer. Equivalent 
widths of Lo and six other lines, and relative Intensities of the 
continuum at seven wavelengths from 1300 A to 2900 A, have been measured 
and are discussed. 
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1. I?n'ROl)UCTION 


Far-ultraviolet imagery of the Large Magellanic Cloud was obtained 
with an electrographic Schmidt camera (Experiment S201) during the Apollo- 
16 mission, 21-23 April 1972. This imagery covered two wavelength ranges, 

It 

1050-1600 A and 1250-1600 A, with a limiting resolution* of about 3 arc- 
mln (Carruthers and Page, 1972). Figure 1 (Plate X) shows prints of the 

3 rain and 30 min exposures of the IMC in the 1250-1600 A band. Analysis 

« 

of these images was briefly discussed (together with three spectra) by 
Page and Carruthers (1977), and In much more detail in our S201 Far-UV 
Atlas of the LMC (1978) which includes absolute far-UV fluxei! In the two 
wavelength ranges for all measurable objects in the IMC images. 

Previously, Henlze (1956) and Doherty, Henize, and Aller (1956) had 

surveyed the IMC with an ob jectlve-pnlBra camera to obtain Ha emission 

» 

intensities for all identifiable emission nebulae and emission-line 
stars, and McGee and Milton (1966) had surveyed the IMC in the 21-cm 
emission of atomic hydrogen. More recently, Davies, Elliott, and Meaburn 
(1976), hereafter DEM, conducted a more sensitive Ho survey and compared 
their observations with 21-cm and radio continuum measurements. 

In this paper, we compare the results of these four surveys and 
discuss their significance in studies of hydrogen distributions and of 
far- and extreme-ultraviolet stellar flux distributions in the IMC. We 
also discuss recent observations of selected IMC stars made with the 
International Ultraviolet Explorer , and their relevance both to determina- 
tions of IMC hydrogen distributions and to the absolute and relative UV 
brightnesses of IMC objects. 


II. DATA AND ANALYSIS 

The fnr-ultravlolcc Images shown In Figure I (Plate X) are qualitatively 
useltil for determining the spatial distributions of early*type stars in 

if 

the IMC without confusion by images of the far more numerous cooler stars 
(almost all stars detected in the S201 Imagery are of spectral type 
carllet than A?; l.c., with effective temperatures above 9000 K). It will 
be noted that the ^distribution of hot stars differs considerably from the 
general stellar poinulation distribution as revealed by visual imagery; 
the short exposure shows the previously known OB associations and clusters, 
whereas the longer exposure shows the general distribution of hot stars, 
most of which are less luminous than those in the associatlonst Some 

structural features of Interest are noted in the figure. Comparison of 

« , 

the UV, Imagery with the Ha and blue imagery of DKM (their Plates I and 
XXI) indicates that, for the most part, the extended nebulosities in the 
LMC (many of which are considerably larger than the S201 resolution 
limit) are not conspicuous in the far ultraviolet. This is also indicated 
by lUE observations of the 30 Doradus nebula (Koornneef and Mathis, 1980) 
and of local galactic H II regions. Thus, we presume in the following 
that the observed far~UV Is either direct starlight or starlight scattered 
by uust in close proximity to the stars. As discussed in more detail 
later, virtually all of the Henlze and DEM Ha emission regions appear to 
be associated with hot stars apparent In the far-UV imagery, but the 
converse is not true. 

Quantitative analysis of the imagery is, to some extent, complicated 
by the effects of Interstellar extinction, correction for which is 
particularly uncertain in the IHC because of Incomplete knowledge of 
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E(B-V)» and of the extinction vs# wavclontsth in the UMC. It lu known 

from ANS and lUR observations that the LNC extinction law is considerably 

different from that applicable in the local regions of our galaxy and 

shows large variation with position In the UlC (see, for example » Nandy 

» 

ct al. , 1980). 

The procedures used for the reduction and processing of tl»e S201 
electrographic Imagery have been presented in detail in our Ear Ultra" 
violet Atlas of the Large Magellanic Cloud (Page and Carruthers, 1978) aitd 
in the Revised S201 Catalog of Far Ultraviolet Objects (Page, Carruthers, 
and Hecknthorn, in preparation). In summary, for any identifiable 
image, the integrated intensity is proportional to the density volume 

djj and bg are the optical densities (as measured by 

I * * 

the PD8 mlcrociensitcirteter used to scan the films, times 100) of each 
pixel in the image, and in background areas near (but outside) the image, 
respectively; the sum is over all pixels detectably above the adopted 
background. Tine subscript L indicates that the densities have been 
corrected for nonlinearities of the emulsion and microdensitometer. The 
density volume can then be related to ultraviolet brightness by reference 
to preflight calibrations of the instrument and/or comparison of observations 
of objects in common w^th other photonatrically calibrated observations, 
such as those of OAO-2 (Code and Meade, 1979; Code, Holm, end Bottemil ler,» 
1980). We have, determined, through comparison of our preflight calibration 
predictions with OAO-2 measurements bv Code et al. (1980) that the absolute 
sensitivity of the S201 camera was probably a factor of 1.5 (0.A5 stellar 
magnitudes) less, at the time of the observations, than predicted by our 
preflight calibrations. 


A 






Inspection of the far-UV Imagca gives the qualitative Impression 
that the surface brightness of the UtC In the far**ultravlolet» relative 
to the vlslblCi is very high; particularly In comparison to the local 
region of our galaxy and to the Andromeda Galaxy (Carriithers* Heckathorn, 

I 

and Opal, 1978) • Figure 2 gives a more quantitative presentation of the 
UV surface brightness of the IMG; shown are Isodenslty contours from the 
lO-minute 1250-1600 A exposure. The density values have been smoothed 
and corrected for nonlinearity. Based on our prefllght calibrations, a 
density above background of 0.1 corresponds to an Intensity of 1.89 x 10® 
photons/cm^sec sterad at the effective wavelength (lAOQ A) of the camera. 

For a flat continuum extenaing over the camera effective passband of 
250 A, this corresponds to 7.56 \x 10^ photons/cm^sec A sterad (1.07 x 10“^ 
erg/cm^sec A sterad). '* 

In the IMG, determination of the UV brightnesses of Individual 
objects is difficult, because of the limited resolution of our imagery 
and because of the multitude of field stars against which an individual 
object must be observed. This makes determination of the true background 
which should be subtracted from the measured density, in determinations 
of the density volumes, very uncertain. However, contour plots such as 
that in Fig. 2 give useful measurements of the ultraviolet brightness 
distribution over the face of the UtC, which are significant to studies 
of the interstellar medium in the UlC (photo ionization and photodissociation 
equilibria of many interstellar species are largely controlled by the 
stellar ultraviolet radiation field longward of 912 A) and which, in 
conjunction with other determinations of stellar spectral type or effective 
temperature, provide indications of the distribution of dust extinction 


over the UlC* Our mensuremente of the UV brightnesses of selected objects 
or sreaf^ are of practical utility in guiding observations vith more 
sensitive nnd/or higher resolution instrrnents, such as the International 
Ultraviolet Kxplorcr and the Space Telescope* 

Wo obtained a measure of the total UV brightness of the IMC in the 
1050-1600 A and 1250-1600 A ranges by summing the donaitles of all pixels 
in the lilC region of each frame, using as a background reference the 
uniform background densities outside, but around the borders of, the IMG 
Image* The contributions of seven SAO stars were also subtracted* Tlie 
total brightness of the IMG (based on our preflight calibrations) In the 
1250-1600 A wavelength range " lAOO A) Is 220 photons/cm^ sec A or 

Fj /^00 " 3*12 X 10 ergs/cm*^ sec A* Tills corres|x>nds to a UV magnitude, 

% 

In the system of Gode et al* (1980), of mi/,Qo “ 0*23* In the 1050-1600 A 

range (X^ff “ 1300 A) the corresponding UV magnitude Is migoo " .0*13* 

• * 

Averaged ever the apparent angular size of the IflC on our image (about 

6 " diameter, or 9 x 10 sterad) the mean surface brightness is S^/^qq » 

2*4 X 10^ photons/cm^ sec A sterad (3.4 x 10 ’"^ ergs/cm^ sec A sterad), 

and 8 | 3 qq » 2.5 x 10 ^* photons/cm^ sec A sterad (3*8 x 10 “^ ergs/cm^ A sterad)* 

These measorcmicnts include both direct and dust-scattered starlight (we assume 

that nebular emission lines make a negligible contribution to the total UV 

♦ 

brightness)* As mentioned earlier, use of the OAO-2 photometry as a reference 
standard will increase the above intensity by a factor of 1*5* Except for a 

minor correction due. to interstellar extinction within our galaxy in the line 

\ 

of sight to the IMG, this give, a an indication of the local stellar radiation 

field, on the average, within the IflC. The average surface brightness at 1400 A 

corresponds to a radiation density of Uj/^qq « c Sj/,qq ^ 1.4 x 10 “^'’ ergs/cm"’ A* 

Tills may be compared with estimates of the radiation field within our own 

galaxy of about 10 “ 36 ergs/cm^ A at 1400 A (Witt and Johnson, 1973) and 

*« , 
about half this value predicted by Henry (1977). 
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(X978) we dcirivccl n "liydroeoiv index” (herenflor H Iml) ns 
the rntio of llci flux, HA, to f«ir-UV fXux, UF (cotrocted for dust extinction) » 
flc over 100 plnecs in the IMC. Thie Index waa first presented «s n rougU 

measure of tlic hydrogen near hot stars or star groups detected on our far-UV 

*> 

images* That is, if the lonlsslng extrcme~UV (\ < 91?. A) flux is assumed 

I 

roughly proprtional to the far-UV flux, Chen Che intensity of Ho emission 
is related Co tlie local liydrogen density. Here, >/e present a revised determina- 
tion of H Ind and, it 8 varl'.cion over the UlC, uRlng a more recent determination 
of the IlIC extinction law, allowing for extinction at Ho as well as in the UV, 
and utilising additional data on the Ho hrightneRS distribution in the IHC. 

Figure 3 is a contour plot of H Ind (times 100), the derivation of which is 
discussed in the following. 

The far-UV flux values are proportienal to the measured density 

» t 

• » 

volume, V (cori'ectod for nonlincaritios and background) divided by the 
exposure time, C, in minutes. As shown in our S201 Catnlog of Far-lIV 
Object b (1978), a density-volume 

V - 0.037 n (J) 

where n is the number of photoelcctrons forming tke far-UV image. TJuis, 

V/E “6.17 X 10“^* n per sec (2) 

wl»erc E is the exposure time in min, and n/sec is related to the pliotons 
arriving each sec frovo the object. The detection efficiency (photo- 
clcctrona per photon, based on prcfllght calibratious) of the S201 Oimora 
in the Imaging mode averages 0.05 over the range. 1050-1600 A with the LIE 
corrector, and 0.04 over the range 1250-1600 A with the GaF2 corrector. 

Hence, the photon flux in these wavelengths is 

Nj « i)j^/0. 05(30.0) “ 1.08 X 10^ (V|^/E) photons/sec cm^ for 1300 A + 250 A, (3) 

and 

Ng « Uq/O. 04(30.0) “ 1.35 X 10^ (V^j/E) photons/sec cm^ for 1400 A + 150 A, (4) 

t 

5 . 
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where 30.0 cro^ le the nperture area of the S201 camera. Since tlieac 
pliotoim each carry X.52 x 10"^^ erg and 1.42 x 10"^^ erg reapecclvelyi 
Che £ar-UV flux in 

F|^ •• 1.64 x lO"** erg gec"^ cm"^ and (5) 

» 

Fg •» 1.92 X lO"® (Vc/E) erg aec"^ cm~2. <6) 

Thoge were corrected for interstellar extinction, based on previous 
estimates (Lucke 1974) of the visual reddening (RE •• E(B"V)). In order to 
estimate reddening for all our measurements of V/E, for which specific values 
of RE viere not available, we plotted lucke’s (1974) RE valuas and sketched 
in contour lines (see Fig. 4). Although tucke's B1 measured values are good 
to + 0.05, corresponding to + 16 to jK 17% in corrected ultraviolet flux, UF, 

there Is inevitably some uncertainty in the interpolated values of RE, due 

• * * 

to small scale variations in the extinction at a given distance, and the 
♦ 

uncertainty in distance to an object along the line of sight, 'ihe stellar 
associations for wlilch Lucke determined RE may lie in front of or behind 
far-UV objects with nearly the same celestial coordinates. Hovrover, it 
is highly likely that an LH cluster and an associated Henixe nebula are 
in close 3-dlmenBlonal proximity. 

Tr the Far-'llV Atlas , wo used the "average" galactic interstellar ex- 
tinction curve of Bless and Savage (1972). However, measureroents with the 
ANS satellite (Borgman and Banks, 1977; Koornneef, 1978) in the 30 Doradus 
region, and with lUE (Randy et al. , 1^80) there and elsewhere in the lilC 
indicate a higher ratio of far-UV extinction to E(B-V) in the U1C than 
is typical in the local region of our galaxy (see Figure 5). Using the 
extinction curve of Nandy et al. (1980) with A^ " 3 E(B-V) E(X”V), we 
have, for effective wavelengths of 1300 A (LiF corrector) and 1400 A 
(CaF 2 corrector), E(1300-V)/E(B-V) = 8.97 and E(1400-V)/E(B-V) « 7.09. * 
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(7) 

( 8 ) 


Thcircforop the ultraviolet iluxes corrected for reddening are 
UFc " >c 

# 

An expected, UF^ values for an object ore generally larger than the 

I 

UFq values because of the wider bandpass and larser extinction correction 

at the effective wavelength of 1300 A, The scatter In the U1C extinction 

curve of Kandy et nl. (1980) Is about 0.2 mag. The extinction correction 
% 

at He Is assuned to be Ag 503 " 2.5 RE; hence the corrected lloi flux Is 
DHA •* HA’IO^^^, approximately, where HA is the Ito flux os measured by 
Hcni;^<e et al, (1956) In units of 10"^ erg/cm^sec sterad. The HA 
values given here are often summed for several close H II regions that 
could not be separately resolved on our 8201 photos. For instance, 

K180A-C means the summed flux from W180A, N180B, and K180C. In order to 
get a single hydrogen Index representing all measurements of a given 
object, we nvernged the values for two Il.i frames v;ith 1/2 the values 
for two ICa frames? 

H Ind^ « UHA/UFl . (9) 

H Indc « UHA/UPc (10) 

H Ind " (H Indu + H XndL2 +1/2 H Indci + 1/2 H Indc 2 )/A (II) 

The major errors In V/E, UF, and H Ind are due to uncertainty in 
background, b. As Fig. 2 shows, many of the objects measured are In 
regions where the background density Is changing. The local background 
was estimated on mosaics of d, taking the first minimum In d In each of 
four directions from the peak density, along +x, +y, -x, and -y, and 
averaging these to get b. The background is high and posed the most 
difficulties on the 3-mln ILi exposure, frame A125. 


9 



The HA vnluee ni’e prohnbly good to + 10%, although values near «ero 
arc subject to larger pcrccmtage errors. In fact, DEM, in a careful 
Burvey of a 5-hour exposure with the SRC AS-lnch Schraldt camera using an 
Interference filter with 100 A bandpass centered on He and INIIJ, found 

4 

the faint Henlxe H II regions much larger, and detected 100 more, most of 
them fainter than llenlxe's limit, llicy give no quantitative measurements 
of brightness, but, use tho steps vf (very faint), £ (faint), fb (fairly 
bright), b (bright), and vb (very bright). We calibrated this scale 
against HA by assigning the numbers vf"l, f*»2, ib*«3, b»5, vb“10, 
and multiplying by the dlnenslons given in arc-mln. For instance, a 
faint (f) nebula of sire 3.5' x 2' has a brightness (arc-mln)^ of 2 x 3.5 
x 2 »» 14. Fig. 6 is a plot of these values against HA for 64 cases where 
the DEM, dimensions ate roughly the same as Henire's. To a fairly good 
approximation, 

DEM brightness (arc-mln)^ « 3 HA. (12) 

^ Using this calibration, we could fill In 227 11 II regions at 
positions in the WIC where we had measured far~UV flux, leaving out only 
19 DEM objects of the total of 356. (These positions were all searched 
on our mosaics.) 

llie surface brightness of a pure hydrogen emission nebula at Ha is 
proportional to the volumetric recombination rate (which in turn is 
proportional to the square of the hydrogen density) and to the diameter 

of the Strlimgren sphere. For a given local hydrogen density, the diameter 

► 

of the Str&mgren sphere varies as the cube root of the stellar extreme 
ultraviolet (EUV) Lyman-continuum photon flux Nguy; for a glvovi 
stellar EUV flux, it is proportional to nj^"*^^^. Thus the Ha surface 
brightness is, in total, proportional to nj|^*^^. We assume that' 
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t!ie dlflffleter of tlio Str&mgren opltero la largor than the limiting 

roBolution (about 5 arc aec) of the llentze aurveyi wlilch at the 52~kpe 

dlBtancc of the WIC amounts to about pc. Using the data for typical 

theoretical StrBmgren spheres (Spitser, l§78|i p. 110), thin will be 

3 * 

true for all stars hO or earlier at n|{ £ 60/cw**. 

The effects of interstellar extinction, both within and near the H II 

regions, can be ver^ marked, especially ?/or regions with large nji and 

corrcBiiondlngly high dust densities. Although the H« extinction is much 

less than the far~UV extinction, the average extinction over the projected 
» 

area of the H XI region is not necessarily the same as that in front of 
the enclosed hot stars. Measurements of radio continuum and recombination 
lines should help determine the extinction corrections to the lla 

I 

I • • 

measurements. Hewever, since the far^UV extinction corrections for most 

* • 

ohjects we observed are small, our asBUmption that the nebular Ha 
extinction is equal to the stellar extinction at Ha should have little 
effect on our results. 

It is apparent that determinations of local hydrogen densities from 
Ha intensity measurements arc very sensitive to the Inferred or predicted 
EUV ionising flux. Ground-based methods Include, determination of the 
stellar spectral class which, in combination with model-atmosphere pre- 
dictions, can be used to infer the EUV flux. Another method is measuring 
directly the diameter as well as the surface brightness of the Strhmgren 
sphere. Both of these methods have many well-known difficulties. Tlio 

t. 

measurement of the stellar far-UV (1050-1600 A) fluxes provides additional 
Indcpendenc data which, in combination with the ground-based moasurements, 
help to specify more accurately the. stellar eifective temperature, and 
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thereby better Infer the I5UV flux. Thle, In turiii c«n yield more 
acctirnto ostlmetee of local hydrogen denelty. Meaeurcmenta of the 
exciting ^‘.'are in the far ultraviolet, although not directly Indicative 
of the Lyman continuum, arc much more useful than meaaurcmeiits in vialble 
wavelengths becnuae they are much closer to the Lyman continuum. Mao, 
by being near the peak continuum of eaily-typ® atare, far-UV la much 
more aenaltivt to amall differencea in effective temperature. Figure 7 
ahowa model atmoaphere atellar flux diitributloris computed by Ku^ucZ| 
Feytremann, and Avrett (1974), normalised to 5500 A. ' 

In addition, far~UV measurementa, In combination with ground~based 
menaurcmenta, con be used to catimate the effecta of interatcllar extinction 
with much better accuracy than can meaauremcnts in the ground**acce88ible 
wavelengths alone, because extinction (particularly in the IJMC) is so much 
larger below 1600 A. Ideally, It would be better still to also have 
measurements in the "extinction bump" near 2200 A (see Bless and Savage 
(1972), Savage (1975), Nandy ct al. (I960)). Assuming that interstellar 
extinction can be determined from a combination of ground~based and UV data 
Figure 7 shows that measurements of the far-UV/vlslblc ratio can be used 
to infer tlie effective temperature, and hence the EUV/vislble ratio. 

This ratio is, however, Increasing considerably faster with effective 
temperature than is the far-UV/visible ratio in the temperature range of 
Interest, and hence accurate measurements are rtocessary. Figure 8 shows 
ratios of Integrated EUV/vislble, and far-UV (ILi spectral range) /visible, 
wliere the visible photon flux is Integrated over the range 5000-6000 A. 

Also shown are the ratios of EUV to far-UV photon flux, and of photon 
fluxes in the ILI and ICa spectral ranges. (EUV is labelled LyC for 
Lyman continuum.) 
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The Ilydvopn IndeKi ae derived from o«ir meneuremQnt:»» glvcie only 
<iualliiiilve Indicntlone of eieller oiiective icinperarure and locol hydrogen 
denelCleeii Thin la becouee the United angular reaolution oi the S?.01 camera 

s 

preventai in moat caeca, the attribution oi n given UF value to a eingle etar, 

»> 

I 

and hence conpnriaon of the UV flux with ground-baaed neaiuremente of the aame 
star. In a rich cluater or aaBoclatlon, therefore, a given Uv could be 
produced by a aingle 0 afar with effective temperature of 40,000 K, or by a 
cluater of B atara with effective temparaturea near 20,000 K, but the hyman 
continuum flux would be much larger in the former caee. However, the Hydrogen 
Index la a quantitatively uaeful criterion for analytia off hlghar-rcaolution 
meaoureinanta, in which aingle atara can be laolatcd (c.g., with the lUE 
aatellite), and in which flux dlatrlbutiona and effective tcnperatucea can 
be determined individually for all of the UV-brlght atara aaaociated with 

t 

a given H II region. In the following, we present a qualitatlvo comparison 
of our Hydrogen Index menauromenta with 21-cm observations of atomic hydrogen, 
and discuss the potential of IDE obacrvatlons for rcflnomenta of both 
interstellar hydrogen and effective temperature mcoaureinenta. 


III. COMPARISON WITH 21-CM OBSERVATIONS 

More direct methods of estimating interstellar hydrogen com entrations 
include mGasurlrg the hyraan-a interstellar absorption line in the spectra 
of hot XllC stars, and mapping the 21'-cm radio emission across the IMC. 
llie ta measurements are to be preferred over 21-cm measurements for 
several reasons (Carruthers, 1970, and Jenkins, 1970), such as better 
spatial resolution, discrimination against hydrogen beyond the star of 
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IntercBti And fretjdom from the effecto of epln comporaturc, oonccniratlon, 
etCf NcvorfchclcoRi since 21-cm measurenents were tvallAble and La 
measurements (until recently, with the advent of the lUR satellite) wore 
not, we decided to compare our Hydrogen Index values first with radio 

I 

ine.aouroments of hydrogen in the IMC. 

We compared Fig. 3 with the 2l-cm survey by McGee and Milton (1966). 
Ilielr measurements jjf brightness temperature, Tj,, are presented In three 
different contour plots, showing values for radial velocities near 300, 

273, and 263 km/sec. We combined these, taking the largest Tj, at each 
location, and this combined 21-cm flux is presented in Fig. 9, where 
contours of 20, 30, 60, and 50 flux units are shown. (1 flux unit « 

1.76 K in I’l,.) Although there arc some similarities between Figs. 3 and 

t 

9, there are some notable differences, where peaks In II Ind occur at low 

values of the 21-cm flux. McGee and Milton noted one of these in comparing 

their hydrogen clouds with Karl Henlzo’s (1956) II II regions; the nebula 
h m o 

N55 at 5:32.3 - 66:28' has no strong 21-cm flux near It. 

There are at least 30 other similar cases In Tables 1 and 2. Moreover, 
we find about 50 regions of high UF In the H I clouds with little or no Ila 

emission, and therefore zero or low M Ind, as shown In Table 3. Tables 1, 

2, and 3 have 17 columns, the first 16 being the same In all three tables. 

Col. 1 is the Davies-Elliott-Meaburn (1976) or Henize (1956) number, 

mostly blank in Table 3. For the Henlxe (N) numbers, N77A-E means 
N77A N77B + N77C -b N77D + N77B; N79CE means N79C + N79E; N8,A 
means N8 d- N8A. A blank means no measured Ha flux. 

Col. 2 lists the 1950 coordinates of the area measured on S201 frames 
A126, A125, A129, and A130. 
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CoX. 3 Is the Uickc-Hotlge (1970) number of a stellar association In tlie 

me. 

Colt 4 Is the NGC number of a star cluster in the UlCt 
Colt 5 lists the north-south and east-vest dimensions of the measured 
area In arc-mint 

Colt 6 Is the Ha flux in units of 10“^> erg sec"^ cm”^ stcrad“* summed for 

V 

all the ncltilas entered und*ir N Not 

Colt 7 Is the unreddened flux (UF) measured on 111 frames A124 and A125f 
averaged t 

Colt 8 is 100 times the ILl Hydrogen Index calculated from colst 6 and 7t 
Colt 9 Is the unreddened flux (UF) measured on ICa frames A129 and A130, 
averaged t 

• » • 

Colt 10' is 100 times the ICa Hydrogen Index calculated from colst 6 and 9t 
Colt 11 is 100 times the mean of ILl H Ind and 1/2 ICa H Ind , our best 
estimate of the Hydrogen Index for the H II reglon(s) listed In 
col t It 

Colt 12 is the McGoe-Mllton (1966) H I-cloud numbett 

Colt 13 lists the north-south and oast-west diameters of the cloud In arc- 
mint 

Colt 14 is the 21-cm flux at the location of the measured area giv.in in 
colt 2, in units of K76 K in T^,. 

Col. 15 lists the 1950 coo’^dlnates of the H I-cloud center. 

Col. 16 lists the distance in aijc-min and the approximate direction from 
cloud center to the measured area given in col. 2. 

Col. 17 in Tables 1 and 2 gives the MC catalog (McGee et al. 1972) number 
of a radio source coincident with the H II region, and the letters 
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f 

SNR i\ r supernova remnant identified by its non-thermal radio 
spectrum. 

Col. 17 in Table 3 is tbc reddening (RK), or color excess, Interpolated from 
bucke's (197A) measurements. 

In five regions of the IMC, Table I shows both high Hydrogen Index 
and high 21-cm flux. These regions are centered at; 


h m 0 

4:51. 8-69; 20* 

K 

Involving N77,79,B1, mean H 

Ind 69, and 

11 I cloud L34, 

21-cm flux “38 

4:58.6-66; 18 

Nil, 12, 13, 

64 

L2 

42 

5:14.3-69:25 

N112,114 

127? 

139,40,43 

30 

5:29.1-71:15 

N199,200,206 

47 

146,47 

30 

5:34.0-67:39 

N56,57,59 

100 

113,14 

35 


These regions are evidently in the H'T clouds and well populated with 
clusters of 0-B stars, from UIZ and NCC 1727 In L3A to 11176 and NGC 2014 
in L13 and L14. The mean H Ind x 100 is about 2.3 times the 21-cm flux. 

Ti'ive other 11 Ind maxima in Table 1, and all those in Table 2, total 
25 H II regions outside of the 11 I clouds, where the unreddened far-UV 
flux, UF, is strong enough to ionize the hydrogen where the 21-cm flux is 
only 10 to 20. This indicates small H I concentrations along the line of 
sight. The mean H Ind x 100 is about 4.75 times the 21-cm flux. 

Tlie ratio of the H Il-reglon area to the 11 I-cloud area in Table 1 
ranges from less than 1% to 52% for 114 and 59% for b2, with some indication 
of a correlation with the 21-cm flux, which ranges from 15 to 50 units. 
Eleven 11 I clouds have, more than 15% of their area covered with H XI 
regions, and the average for all listed in Table 1 is 12%. 
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V 


In Tabic 3 Chore are 38 regions In Che II 1 clouds where there Is 

high UF Iron clusters of 0*-B stars and little or no Ho fluxi leading to 

roro or low H Ind. These clusters of 0-B stars must therefore be In front 

of or behind the H I clouds. From the RE values — E(B-V) — In Table 3, 

« 

It seems likely that four clusters ore behind the II I clouds: 

h m o 

NGC 173A (and mA,l6) at A;53. 3-68:56' , behind L23 
LH85,B9 and NGC 20A2 at 5:36.2-68:55, behind L32 

and at 5:36.5-68:57, behind L32 
and NGC 2100 at 5:A2.A-69; 13, behind L32. 

Most of the others are probably in front of the II I clouds. Tlie sizes 
of these strong UF areas are smaller than the H II regions in Table 1. 

t 

* * • 

They ra.nge from less than 1 % to 20% of the H I-cloud area in L25, and 
28% in LIO; the average of al.l listed in Table 3 is 6%. It is unlikely 
that these arc foreground stars, since SAO stars have been omitted from 
the list. 

We conclude that the local hydrogen density near the objects listed 
in Table 3 Is too low (below « 2/cm^) to produce a measurable Ha nebula, 
although the total column densities are large. This indicates that the 
Hydrogen- Ind ex method may provide useful measurements of local hydrogen 
density, which can be compared with the column densities observed by 
other methods, such as 21-cm emission and La absorption. 

IV. lUE OBSERVATIONS 

Extensive measurements have been made of the column densities of 
interstellar atomic hydrogen in the lines of sight to relatively nearby 
galactic stars using the OAO-2 far ultraviolet spectrometer (Savage and 
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Jenkins, 1972; Jenkins and Savage, 1974) and with the much higher-resolution 
Instrument on the OAO-3 ( Copernicus ) spacecraft (Bohlln, 1975; Bohlln, Savag 
and Broke, 197B). However, Both of these Instruments wore limited to 
relatively bright stars, and so were unable to obtain observations In 

I 

the Large Magellanic Cloud • 

The International Ultraviolet Explore r (lUE) satellite, however, can 

observe much ftilnter objects than Its predecessors, allowing observations 

of interstellar II In the directions of 0 and early B stare in the UlC at 

low dispersion (7 A resolution); at longer wavelengths, a few objects 

have been observed at high dispersion (0.1 A resolution), de Boer, 

Koornneef, and Savage (1980) observed HD 38282 (R144) and HD 38268 (R136), 

obtaining H column densities of 1.9 x lO^l/cm^ and 7 x lO^l/cm^, 

• * • 

respectively. SuVcractlon of an estimated local galactic column density 
of 7 X 1020/cm^ yielded 1.2 and 6.3 x lO^Vcm^, respectively, for the IHC 
contribution to the observed column densities. 

In early 1979 (27 January - 3 February) one of us (TP) obtained lUE 
obset^ratlons of a number of LMC stars. In low dispersion mode, which were 
associated with bright objects In the S201 UV imagery. These spectra 
were taken for the purpose of measuring the hydrogen column densities 
(from the Lo absorption features) and for obtaining measures of the 
absolute flux distributions and spectral types for correlation with the 
direct Imagery. The procedure used was to select the brightest star (as 
seen by the lUE slit jaw camera) associated with a selected LH association 
and/or Henlze nebula. In some cases, this star turned out to be of late 
spectral type, and yielded an underexposed spectrum. (The coordinates 


we had available were not eufficiently accurate to ollow us to select 
Individual stars for which ground-*bnsed photometry and spectral 
classification were available.) 

Table A lists 30 lUE spectra of lA different stars In 12 of the 

I 

associations, including one from Table 1 and three each from Tables 2 
end 3. In one set of two exposures, two stars were in the slit (large 
aperture, 23.2 x 10. A arcsec), and two separate spectra of LH '/A ■ NGC 2013 
stars were obtained, somewhat underexposed. Column 1 of Table A lists 
the llenixe (1956) N number or the DavleS“Elliott-Meaburn (1976) D number, 
and the the Lucke^Hodge (1970) Association or NGC number. In some cases, 
there is no Ha nebula. Column 2 lists our Hydrogen Index (x 100); Column 3 

the McGee-Hllton (1966) 21-cm flux; Column A is lUE far-UV (SWl’) image 

\ 

% * * 

number; Column 5 the exposure in minutes; Columns 6 to 8 are the continuum 
fluxes at 1300, lAOO, and 1500 A relative to that at 1925 A; Columns 9 to lA 
are rough equivalent widths of La, Si III (1300 A), C II (1335 A), Si IV 
(139A, 1A03 A), C IV (1550 A), and the feature at 1720 A. Column 15 is the 
reddening (RE) « E(B-V), interpolated from the values of Lucke (197A); 

Column 16 is the mld-UV (LWR) image number; Column 17 the exposure in 
minutes; Columns 18 to 20 are the continuum fluxes at 2325, 2675, and 
2900 A, relative to that at 1925 A; Column 21 is the equivalent width 
of Mg II (280A A); and Column 22 is the spectral type estimated by Karl 
Henizc (private communication, 1980) from the Si IV to C IV line ratios,, 
or by us from a comparison with Copernicus 1)2 spectra of standard stars 
degraded to 6.2 A resolution comparable to that of the IDE low-dispersion 
spectrograph. 
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All of the measurements were made from the lUE Colcomp plots of the 
not spectrum flux number vs wavelength after correction for distortion^ 
nonlinearity, and Initial lUK calibration error. The cquivolont widths 
ore products of the line width at half depth and the central depth os 

I 

percentage of continuum. La has been corrected for geocoronal emission 
* 

by using the La emission in the small-aperture spectrinn, os shown in 

Fig. 10. The ratio of area of the large aperture to that of the small 

aperture ( 3. 2-arc-sec circle) was determined (Penston, private ccxnmuni- 

cation) to be 31.1 + 1.9, and the ratio of widths parallel to dispersion 

is A. 0. The small-aperture profile on the Calcomp plot is always a 

triangle of base w and height JP. This was scaled up to n triangle of 

base Aw and height 31.1 P/A ■ 7.75 P centered at 1215 A (the apparent 

• ' * 

wavelength of La at the LMC radial velocity), and subtracted from the 
large-aperture plot. (This scaling factor was confirmed by lUE spectra 
where only geocoronal La was present in both apertures.) The remaining 
La, the stellar absorption line (or no line, or emission line) was then 
measured for equivalent width in the same way as the other stellar lines. 
In two cases, the stellar contribution came out as an emission line 
(LH 88 and Lll 89 in Table A). 

The errors in measuring these line profiles are rather large, but 
the potential for improvement is limited by the low spectral resolution 
and photometric accuracy of the raw data. For stars of spectral type 
later than B2-B3, the width of the stellar La absorption is comparable to 
or greater than that of the Interstellar line, preventing determinations 
of the Interstellar H column density by this method. However, for the 
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hotter etars In which the atellar contribution is negligible, the hydrogen 
column density can be estimated from the relationship 

N (H 1) - 1.37 X 10*^<Wj216)^ * <13) 

where WJ216 “ 1*A76 FWIIM (York, 1970)^ These column densities, also 
listed in Table /(, are subject to large uncertainties due to errors in 
correcting for geocoronal L« emission (ns mentioned above) and for nearby 
stellar features, such as blueshifted N V absorption and SI III (1200 A) 
absorption. Two examples in Table A whore the La equivalent widths are 
clearly in excess of the stellar coniponent (based on the spectral type 
derived fran other lines), are LH 111 and LU 64. 

Spectral types were estimated, and flux distributions measured, for 
the observed stars for comparison wifh the S201 imagery, and for refining 
our Hydrogen Index measures. The spectral type ' in col. 22 of Table 4 
ore estimates by K. Uenixe based on the equivalent widths of Si 111 
(1300 A), Si IV (1394, 1403 A), and C IV (1550 A) and by one of us (TP) 
using Si III, C II (1335 A), and Si IV for types later than B3. 

Surprisingly, there is only one supergiant in this sample of bright 
early-type stars in the lllC. The deviations are about t\«) spectral 
classes In the. ll types. As indicated in Table 4, the luminosity classes 
are also approximate. 

The continuum fluxes (relative to 1925 A) were determined using the 
latest IDE calibration (Bohlin ot al. , 1980). These arc listed in Table 4 
(and plotted in Fig. 11). The continuum intensity generally decreases 
from 1300 to 2900 A, as expected for early-type stars. For comparison 
with the model atmosphere predictions of Kuruez et al. (1974), Table 5 was 
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g6n@raC6d using t\w reddening lew of Nandy et; nl. (1980), Fig* 5, and 

the KE values of Luckc (1974), sec Fig. 4. Table 6 gives the best matches 

of the observed flux distributions to the reddened model predictions. It 

Is seen that. In several cases, the observed flux distributions Indicate 

considerably higher effective temperatures than do the ultraviolet line 

ratios. Tills could be due to (a) hotter but less luminous stars which 

contribute to the continuum more than to the spectral line absorptions, 

(b) overestimation of the local reddening, and (c) measurement errors In 

the line and/or continuum determinations. 

All in all, these lUE measurements tend to confirm our conclusions 

fran the S201 far-UV measurements, including spectrographlc results 

(Carruthers and Page, 1977) but do not add very much. Because of an 

* 

9 » » 

unexpected early assignment of lUE observing time, we could not select 
Individual stars classified by Lucke and Hodge (1970), Ardeberg et al. 
(1972), and Walborn (1977). Also, we were not able to systomatlcally 
observe all of the UV-brlght stars in specific associations associated 
with specific Ha emission regions. However, further analysis of our 
present observations, and follow-on observations with lUE, will allow 
better correlation of our results with previous ground-based observations 
OB well as with the S201 measurements. 

V. CONCLUSIONS 

The far-ultraviolet brightness distribution over the face of the 

I^rge Magellanic Cloud has been determined from calibrated olectrographic 

imagery in the 1050-1600 and 1250-1600 A ranges. Far-UV fluxes for 

individual hot-star groupings in the lilC have been compared with Ha 

¥ 

measurements (lionize, 1956; Doherty et al. , 1956; Davies et al. , 1976) ' 
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nnd with the McGee and Milton (1966) 21-cm Burvey, Theae coropmeisons 

Indicate that large clouds o£ interstellar hydrogen contain smaller 

concentrations revealed by Ho emission » nnd other clear regions where hot 

* 

0-B stars excite no H II regions (undetectable H«)* Four of these 

I 

asBoclntlons probably lie behind tlie large interstellar clouds. 
AlUornntlvely , these clouds loy be very diffuse nnd extended in the line 
of sight. Six other peaks in far-UV flux not previously catalogued are 
also indicated. Initial exploratory Investigntions of H Ixi absorption 
using the IllE satellite tend to confirm these results. 

Vfe recommend further lUE measurements of la absorption and dust 
extinction in the spectra of hot stars observed by hucke and Hodge (1970) 
in the IMG associations listed In Tables 1, 2, and 3, as well as radio 
continuum and recorablnaUlon'*linc mcasureme.uts, and higher-resolution 21- 
em measurements in these regions. More detailed lUE measurements of flux 
distributions, nnd spectra) type/effectivo temperature determinations, for 
all stars associated with particular Ha emission regions would allow for 
our Hydrogen Index measure to be placed on a more quantitative basis. 
Jligh-rcBolutlon observations at La woidd be highly desirable} although 
marginal with lUK these should be readily possible with Space Telescope. 

Ground-based photometry, with angular resolution equal to that of the 
S201 Camera (3 arc-min) in areas around the UF peaks we observed, would 
be particularly useful, as well as more detailed photometric measures of 
the individual stars. The photometers should utilize narrow-band inter- 
fercnce filters, so as to isolate emlsslon-line-free segments of continuum 
for stellar photometry. In addition, measurements of nebular omissions 
such as Ha, but with higher photometric accuracy than in previous work arc 
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needed. Higher nnguXnr resolution 2l-cm mensuremente, If poosible uquttl 

to or better then the 3 arc tnln resolution of S201, would be very useful. 

Part of this research was supported by NASA Grant NASW-3023. We 

* 

thank Dr. Karl Henl^e for useful discussions » end the lUE Observatory Staff 
for their support of our observations. The lUE observations and data 
reduction were supported by NASA Grant NAS5-25A81. 
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Table 3. Regions of High UF, Zero or Low Hind, in 21-ca Clouds 
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■vi- In units of 10“^^ erg/cra^ A relative to 1925A. 

Color excess, E(B-V), fron Lucke (1974) as interpolated by Page and Carruthers (1978) 
'I' Spectral type inferred from far-UV line ratios by Kenizc (H) or Page (P). 


Tnblc 5» Continuum Flux Relative: to 1925A, Reddnnod KPA Models 
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Table 6. ffaUch of Spectral Type, KPA Coiitlmium Flux, and Color Excess 
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kicukb captions 


1. For-ultravXolet (1230-1600 A) linages of the large Magellanic Cloud 
obtained with the S201 Far Ultraviolet Camera: (Top) 3 min exposure, 
(Hottom) 30 min cxposurct Hie shorter exposure shows the prominent 
OB associations and individual UV-brlght starst The longer exposure 
reveals the general distribution of less luminous OB stars. Note the 
apparent sharp outer boundary of the UV star distribution (arrows). 

North is up. 

2. Isodenslty contour plot generated for the 10 min 1250-1600 A exposure 
on the LHC. Contour interval is 0.10 1). The vertical and horizontal 
axes arc x and y scan coordinates, in rasters. Superimposed on the 
plot is an approximate UA-HKC (1950) grid, with north to the right. 

I “ ♦ 

Positions of IH associations, lionize nebulae (N numbers), and foreground 
SAO stars arc indicated. 

3. Contours of tbo Hydrogen Index (times 100) in the large Magellanic 
Cloud. Contour lines arc for 100 H Ind “ 10, 20, 50, and 100. The 
vertical and horizontal axes are as for Fig. 2. 

4. Contour plot of K(B-V) in the IMC, based on values given by lucke 
(1974). These were used for correcting the far UV and Ha brightnesses 
for interstellar extinction using the curve of Nandy ct al. (1980) in 
Fig. 5. Axes, orientation, and scale are as for Fig. 3. 

5. Interstellar extinction curves typical of the local regions of cur 
galaxy (Bless and Savage 1972) and for the 30 Doradus region of the 
UtC (Kandy et al. 1980). C and L indicate the effG»„tivo wavelengths 

of the S201 imagery with CaF 2 correct/? r (1400 A) and with LiF corrector 
(1300 A). 



6. Plot of out outlnfitoB of Ha brlghtncBO x (ate mln)^ for emlsiloo 
nt'bulflo obfecrved by Haviea «*t ol. (1976) vb. Ha brlgiitneBBOB of llenlKO 
(1956) for obJeetB in common* 

* 

7. Photon flnx v®. wavelength, ramllzod to 5500 A, for unroddened 
Btnr® of varlou® effective temimrotures baaed on the model atmoaphore 
calculation® of Kuruca, Peytreiimnn, and Avrett (1974), 

8. Integrated flux ratio® va. effective temperature, based on the model 
atmosphere flux dietrlbution® of Kurucj5 et al. (1974). The ratio® 
plotted are; ILi/Vi® »• (1050-1600 A)/(5000-6000 A), lU/lCa - 
(1050-3600 A)/(1250-1600 A), LyC/Via ** (X < 912 A)/(5000-6000 A), and 
LyC/lU « (X < 932 A)/(1050-16Q0 A). 

t 

9. Contour® of neutral hydrogen 21-cm emlsBlon in the U'C, baaed on the 
mcaflurement® of McCee and Hilton (1966). Contour line® are for 20, 30, 
40, and 50 flux units, where I flux unit « 1.76 K brightncRS tempera- 
turo at 21 cm. Errors are about 10%, and the angular resolution is 
about 14.5 arc min. Coordinates, orientation, and scale are as for 
Pigs. 3 and 6. 

* 

10. lUE spectra, corrected for nonlinearity and distortion but not for 

Instrumental spectral response, in the association LH 114. The large 
aperture was used to obtain a spectrum of a star in the association (Top) 
and the foreground gcocoronal La emission t\ear the star was observed 
simultaneously using the small aperture (Bottom). The small aperture 
La Intensity \«is scaled up to the value appr-^priate for the large 
aperture and subtracted from the large aperture spectrum. 


Continuum fluxoe va. wavolcnj^th, relntlve to thnt «t 3,925 A, for 
lilC Btara obaorved vlth tUK. Thaao, and other data on the obacrved 
atnra, arc 3.1 b ted In Table A. 
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